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Introduction
The power transformer is the most vital 
substation component since its unavailabil­
ity creates a major problem, given the high 
costs and the long time involved in repair or 
replacement.
Power transformers are especially sensitive 
to short­circuit events, as will be made clear 
in the following. The effects of short­circuit 
currents in transmission and distribution 
networks for electric energy are tremendous, 
both for the equipment and for the stability 
of the networks. Since short circuits are not 
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dynamic forces on the windings that cause 
mechanical stresses in the radial as well 
as axial direction. They result from the 
rare events (as a rule of thumb, one short 
circuit per 100 km overhead line per year 
[1]), short­circuit withstand capability is 
regarded as one of the main characteristics 
of the equipment installed. The capability 
to withstand a short circuit is recognized 
as a major and an essential requirement of 
power transformers. Failure to withstand it 
results in damage to the internal (and even 
external) parts, and can lead, in short or 
longer term, to loss of service.
Short­circuit current leads to electro­
interaction of the current with the leakage 
magnetic field between the windings, in 
radial and axial direction.
Full-scale testing of over 300 transformers 
of 25 MVA and above, with rated voltages 
up to 765 kV, shows that around a quarter 
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Radial and axial forces may have the 
following effect on the winding:
  The radial forces (see Fig.1) tend to 
compress the turns in the inner (normally 
the lower voltage) winding and to expand 
the turns in the outer winding (higher 
voltage). When the mechanical design 
of the supports is not adequate, radial 
stresses may lead to forced buckling of 
the inner winding, which is frequently 
observed.
  The axial forces (see Fig. 2) act in the axial 
direction with a pulsating compression 
force. Axial and radial forces have been 
observed to result in spiralling and/or 
tilting of turns. Through the deformation 
of turns, the oil flow may become 
obstructed, leading to the formation of 
hot spots.
Apart from winding deformation, a variety 
of deformation of internal, but also of exter­
nal parts has been observed in testing [2]. 
Permanent deformation of windings may 
lead to immediate damage or long­term is­
sues because of insulation damage, obstruc­
tion of oil flow, material weakness or loose 
parts. Damage and even break of bushings 
due to the mechanical shock has been ob­
served as well.
The control of the forces and stresses ex­
erted by the short­circuit currents inside the 
transformer must be an integral part of the 
design process and quality verification [3].
With an increase of the short­circuit power 
during the years, the most severe short­cir­
cuit currents will appear when the transform­
er is aged. Also these short­circuit currents 
have to be withstood without impairing the 
Fault current leads to large electro-dynamic 
forces on windings and other parts, which have 
to be managed by proper structural design
Figure 1. Diagram showing the origin of radial forces (left), and the possible result: buckling of the inner winding (right) 
Figure 2. Diagram showing the origin of axial forces (left), and the possible result: tilting of the conductors (right)
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transformer. A large­scale study showed 
that aged transformers are more prone to 
short­circuit winding deformation because 
of diminishing winding fastening strength, 
which is caused by insulation shrinkage and 
pieces of insulating material disappearing or 
becoming displaced [4].
Power transformer  
in-service failure
A number of international studies, all con­
ducted between1974 and 2005, report a fail­
ure rate in the range of 0.4­3 %.
In 2015, a new extensive survey, covering 
the period of 1996­2010, of 964 major trans­
former failures during 167.459 transform­
er years from 56 utilities in 21 countries 
was reported by CIGRE WG A2.37 [5]. 
This s tudy reports an overall failure rate of 
0.57 % (“one major failure per 200 trans­
formers in a year”). In Table 1 a breakdown 
is given in terms of voltage class.
More detailed analyses on failed subcompo­
nent, failure mode and failure cause reveals 
the following:
  Ageing and external short­circuit are the 
largest known failure causes (12.3 % and 
11.6 %, respectively).
  Windings are the most common failure 
location (40 %), followed by tap­changer 
(27 %) and HV bushing (14 %).
  Mechanical failures account for over 20 
% of all failures, the second largest after 
dielectric failures (36 %).
  The failure rate of GSU units is in all 
voltage classes higher than that of 
substation transformers.
EPRI (USA) maintains the IDB database [6] 
that began to be populated in 2006. By now 
it has collected data on more than 20.000 
U.S. power transformers. One result that 
clearly stands out is that “inadequate short 
circuit strength” is by far the largest cause of 
failure, with 20 % of the total of 654 clearly 
identified failures.
Converter transformers supplying DC links 
are of a special design. Their reliability (in 
LCC based DC projects) has been addressed 
in several publications [7, 8, 9]. It is striking 
to observe that their failure rate is sign­
ificantly higher than that of conventional 
station transformers, between 1.6­5.4 % 
depending on their size, compared to the 
rate of 0.6 % of AC transformers.
Short-circuit withstand 
assessment
Basically, two methods are applied to assess 
short­circuit withstand capability of power 
transformers: design review and testing.
Assessment by design review
One of the methods for purchasers to assess 
the short­circuit current withstand capabil­
ity of transformers is to conduct a design 
review. CIGRE has issued guidelines on this 
method [10] that are implemented in the 
international standard IEC 60076­5, annex 
A [11]. This annex is an informative docu­
ment giving guidelines only, and it is not a 
standard by itself.
In the design evaluation of a transformer, 
two alternative approaches can be adopted:
a. Comparison with a short-circuit 
tested reference transformer
This method describes a comparison with a 
reference transformer that passed short­cir­
cuit tests successfully, on the condition that:
­ the design under review can be considered 
similar to the reference transformer;
­ it is designed using the same calculation 
methods and withstand criteria;
­ it is manufactured according to the same 
QA/QC practices;
­ the margins for short­circuit strength of 
both designs overlap.
b. Checking against manufacturer’s  
design rules for short-circuit strength
In this method, evaluation is conducted by 
checking the force and stress parameters 
against the manufacturer’s design rules for 
short­circuit strength.
These rules shall be based on a “solid expe­
rimental basis”, a number of short­circuit 
withstand tests of actual transformers or the 
outcome of tests performed on representa­
tive transformer models combined with any 
indirect supportive evidence based on long 
duration and trouble­free operation of a 
number of transformers in the field.
Limitations of the design 
review approach
CIGRE studies show that calculation meth­
ods are an indispensable tool in the design 
phase of electrical equipment and that 
m odern, multi­physics finite­element 3D si­
mulation tools can predict internal stresses. 
However, they cannot be applied for equip­
ment performance verification [12]. This 
also applies to power transformers.
For a number of reasons listed below, the 
value of design review is limited, and gener­
ally insufficient to be used as a replacement 
for short­circuit withstand verification by 
laboratory testing. The main limitations are 
as follows:
  Simulation tools are a simplification of 
the reality [13]. The most obvious sim­
plifications are disregard of the influence 
of the other phases; and consideration of 
the windings as rigid and circular sym­
metrical. 
  The list of reviewed sub­components is 
not complete. It should ensure that all 
necessary aspects are considered. Cal­
culations related to lead supports and 
connections to bushings are not reques­
ted. 
  The design review approach is static 
w hereas the phenomena are dynamic. As 
the dynamic behaviour of the windings 
during a short circuit is not mentioned 
in design review, no aspects of inter­
The failure rate of converter transformers sup-
plying DC links is significantly higher than that 
of conventional station transformers
Table 1. Failure rates of transformers in the CIGRE 2015 study 
	 69	≤	kV	<	100	 100	≤	kV	<	200	 200	≤	kV	<	300	 300	≤	kV	<	500	 500	≤	kV	<	700	 kV	≥	700	 all
 0.93	%	 0.44	%	 0.55	%	 0.75	%	 0.54	%	 0.37	%	 0.57 %
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Multi-physics simulation tools can predict in-
ternal stresses, but they cannot be applied for 
the verification of equipment performance
their short­circuit power and can cover the 
vast majority of power transformer ratings.
There is very limited information on direct 
evidence of failures in service after short­
circuit withstand evaluation. From a sur­
vey conducted by CIGRE SC12 (covering 
121,460 transformer years in the period of 
1993­1997), 15 failures attributed to short 
circuit were identified. In 5 cases (33 %) de­
sign reviews were performed, whereas none 
of the failed units (or similar designs) was 
short­circuit tested [5].
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